The reported compressional wave speed dispersion and attenuation could be explained by a modified gap stiffness model incorporated into the Biot model (the BIMGS model). In contrast, shear wave speed dispersion and attenuation have not been investigated in detail. No measurements of shear wave speed dispersion have been reported, and only Brunson's data provide the frequency characteristics of shear wave attenuation. In this study, Brunson's attenuation measurements are compared to predictions using the Biot-Stoll model and the BIMGS model. It is shown that the BIMGS model accurately predicts the frequency dependence of shear wave attenuation. Then, the shear wave speed dispersion and attenuation in water-saturated silica sand are measured in the frequency range of 4-20 kHz. The vertical stress applied to the sample is 17.6 kPa. The temperature of the sample is set to be 5 C, 20 C, and 35 C in order to change the relaxation frequency in the BIMGS model. The measured results are compared with those calculated using the Biot-Stoll model and the BIMGS model. It is shown that the shear wave speed dispersion and attenuation are predicted accurately by using the BIMGS model.
I. INTRODUCTION
The frequency dependence of the speed and attenuation of compressional waves in granular marine sediments has been widely investigated theoretically and experimentally. Recently, the author proposed a modified gap stiffness model incorporated into the Biot model (the BIMGS model). 1, 2 By using the BIMGS model, reported large speed dispersion [3] [4] [5] could be predicted. Then, the author showed that the speed dispersion and attenuation could be predicted by using the BIMGS model in the range of ld 0.5 (l, wavenumber in water; d, grain diameter in mm). 6 And, it was also shown that the speed dispersion and attenuation could be predicted by using the BIMGS model plus multiple scattering effects in the range of ld ! 0.5, in which negative speed dispersion appears. 6 Measurements of the speed and attenuation of shear waves have been reported by many researchers. [7] [8] [9] [10] [11] [12] The relationship of the shear wave speed to the mean grain size, porosity, or depth has been shown in their reports. However, they obtained most of their data at only a single frequency. Therefore, information about shear wave speed dispersion and the frequency dependence of attenuation could not be obtained. To our knowledge, the only reported data that show the frequency dependence of shear wave attenuation were measurements made by Brunson. [13] [14] [15] He reported measurements of the frequency dependence of shear wave attenuation in the frequency range of 0.45-7 kHz for water-saturated sand, 13 and 1-20 kHz for water-saturated glass beads, sorted sand, and unsorted sand.
14, 15 Brunson and Johnson stated that a departure from a linear frequency attenuation relationship was evident, and that it was comparable with the expected effects in a porous, unconsolidated sediment where the pore fluid may move relative to the frame. 13 Brunson also showed that none of the three sediments, such as water-saturated glass beads, sorted sand, and unsorted sand, exhibited a true linear frequency dependence across the entire frequency range of 1-20 kHz, although linear regression fits to the data produced reasonable results, particularly for the "ideal" spherical beads.
14 Last, he also found that the Biot-Stoll model does not appear to be capable of reproducing detailed observations of shear wave attenuation in angular sands; although the cause of the model's inability is not known, the possibility exists that an additional mechanism, which takes into account the grain shape and size sorting, needs to be included. 15 Therefore, it is necessary to clarify the cause of the nonlinear frequency dependence of shear wave attenuation by using acoustic models.
Further, to our knowledge, there is no published data demonstrating shear wave speed dispersion, although considerable shear wave speed data are available for only a single frequency. [7] [8] [9] [10] [11] [12] Even in Brunson's data, the shear wave speed data are available at only one frequency, i.e., 10 kHz. 15 Therefore, it is very important to obtain shear wave speed dispersion data in order to perform a model-data comparison.
In this study, Brunson's measurements 14, 15 were compared to those calculated using the Biot-Stoll model and the BIMGS model. Next, the shear wave speed dispersion and attenuation in water-saturated silica sand were measured in the frequency ranges of 4-20 kHz for speed, and of 5-20 kHz or 8-20 kHz for attenuation. The grain size of the silica sand was 0.113 mm. The vertical stress applied to the sample was 17.6 kPa. Measurements were taken at sample temperatures of 5 C, 20 C, and 35 C in order to change the relaxation frequency of the gap stiffness in the BIMGS model. The measured results were compared to those calculated using the Biot-Stoll model and the BIMGS model. a) Author to whom correspondence should be addressed. Electronic mail:
mk45@nifty.com
Finally, the grain-size dependence of the aspect ratio in the BIMGS model was investigated. This paper is organized as follows. In Sec. II, the models that were used to calculate theoretical results for comparison with the measured results of shear wave speed dispersion and attenuation are briefly described. These models are the Biot-Stoll model and the BIMGS model. Here, the time dependence of the solution is assumed to be of the form e jxt . Section III discusses the comparison of Brunson's attenuation measurements with predictions using the Biot-Stoll model and the BIMGS model. Section IV describes the measurements of shear wave speed dispersion and attenuation in the frequency ranges of 4-20 kHz for speed and 5-20 kHz or 8-20 kHz for attenuation, and compares these measurements with predictions obtained using the Biot-Stoll model and the BIMGS model. In Sec. V, the grain-size dependence of the aspect ratio in the BIMGS model is discussed. Finally, the paper is concluded in Sec. VI.
II. ACOUSTIC MODELS

A. The Biot-Stoll model
Marine sediments are composed of an assemblage of grains-a porous skeletal frame saturated with seawater. In the Biot-Stoll model, [16] [17] [18] [19] [20] two energy-loss mechanisms exist during acoustic wave propagation: (i) viscous loss caused by the relative motion of the pore fluid to the frame and (ii) friction loss caused by the friction due to grain-to-grain contact. The equations of motion for the porous saturated medium are expressed as follows:
where
w ¼ bðu À UÞ:
In the above equations, l b (¼ l br þ jl bi ) is the shear modulus of the frame, and u and U are the displacement of the frame and pore fluid, respectively. q ¼ bq f þ (1 À b)q r denotes the density of the sediment, q f and q r are the densities of pore fluid and grain, respectively, and b is the porosity. The quantities K f , K r , and K b (¼ K br þ jK bi ) are the frame moduli of the pore fluid, grain, and frame, respectively. Furthermore, m is the virtual mass, a t is the structure factor, j is the permeability, g is the viscosity, and F (¼ F r þ jF i ) is the viscous correction factor. The frame bulk and shear moduli are expressed as follows:
where d l and d s are the bulk and shear log decrements, respectively. Using Eqs. (1) and (2), the characteristic equation for the complex wavenumber of the compressional wave, l p (¼ l pr þ jl pi ), is derived and can be written as follows:
The roots of Eq. (11) give the speeds c l (¼x/l pr ; x, angular frequency) and the attenuation coefficient a l (¼ l pi ) for the first and second kinds of longitudinal waves as a function of frequency. The characteristic equation for the complex wavenumber of the shear wave, l s (¼ l sr þ jl si ) is derived as follows:
The roots of Eq. (12) give the speeds c s (¼ x/l sr ) and the attenuation coefficient a s (¼ l si ) for the shear wave as a function of frequency. The reference frequency, f c , which determines the low-frequency range as f ( f c and the highfrequency range as f ) f c , is given as follows: 16, 17 f c ¼ bg
In the low-frequency limit, the fluid motion is dominated by viscous effects; in the high-frequency limit, the fluid motion is dominated by inertial effects. 21 In the Biot-Stoll model, the attenuation is the sum of that due to viscous and friction losses. The attenuation due to viscous loss in the low-frequency limit, a s0 , and that in the high-frequency limit, a s1 , are expressed as follows:
where c s0 and c s1 are the shear wave speeds in the lowfrequency and high-frequency limits, respectively. From Eqs. (14) and (15) , the attenuation due to viscous loss in the lowfrequency limit is proportional to x 2 , while that in the highfrequency limit is proportional to x 1/2 . On the other hand, the attenuation due to friction loss a s is expressed as follows:
From Eq. (16), the attenuation due to friction loss is proportional to x because the real part, l br , and imaginary part, l bi , of the frame shear modulus are constants, and the shear wave speed dispersion in the Biot-Stoll model is small. The results above will be used to discuss the frequency dependence of the attenuation calculated by the Biot-Stoll model in Sec. IV B. The acoustic relaxation due to the local fluid flow in the gap between the grains 23 is described in this model. The effective normal stiffness k n is the sum of the elastic stiffness of the solid-to-solid contact (contact stiffness), k c , and the modified gap stiffness, k g ; this can be expressed as follows:
The contact stiffness, k c , which is derived from the Hertz-Mindlin model, is expressed as follows:
where b denotes the porosity, C n is the coordination number defined by the average number of contacts that each grain has with surrounding grains, r is the grain radius, l r is the shear modulus of the grain, r r is Poisson's ratio of the grain, and P is the hydrostatic confining pressure. The modified gap stiffness, k g , is expressed as follows:
where a denotes the contact radius, h 0 is the initial value of the gap separation distance, K f is the fluid bulk modulus, J 0 and J 1 represent the Bessel functions of the first kind of the zeroth and first orders, respectively, and ja is defined as follows:
where f denotes frequency, and f r represents the relaxation frequency of the modified gap stiffness that depends on the bulk modulus, K f , the viscosity, g, of the pore fluid, and the aspect ratio, a (¼ h 0 /a), as follows:
As the frequency approaches zero, the modified gap stiffness tends to zero. On the other hand, at an infinite frequency, there is only the spring with a stiffness of k g1 (¼ pa 2 K f /h 0 ), which implies that the fluid has no time to flow in and out.
The frame bulk modulus, K b , is determined by the contact stiffness, k c , and the modified gap stiffness, k g , by the following equation:
where K bg1 is the maximum gap stiffness term of the frame bulk modulus, K bHM is a frequency-independent term (the Hertz-Mindlin term), and K bg (f) is a frequency-dependent term (the gap stiffness term). The real part of the frame bulk modulus is predicted to begin from a low-frequency asymptotic value, K bHM , and to increase toward a high-frequency asymptotic value, K bHM þ K bg1 . The transition occurs over a frequency range that is approximately centered at the relaxation frequency, f r .
The frame shear modulus l b is determined by the contact stiffness, k c , and the tangential stiffness, k t , which is derived from the Hertz-Mindlin model, 24 and the modified gap stiffness, k g , by using the following equation:
and l bg1 is the maximum gap stiffness term of the frame shear modulus, l bHM is a frequency-independent term (the Hertz-Mindlin term), and l bg (f) is a frequency-dependent term (gap stiffness term). The real part of the frame shear modulus is predicted to begin from a low-frequency asymptotic value, l bHM , and to increase toward a high-frequency asymptotic value, l bHM þ l bg1 . The transition occurs over a frequency range that is approximately centered at the relaxation frequency, f r . In the BIMGS model, the attenuation is the sum of that due to viscous and gap stiffness losses. The attenuation due to viscous loss is the same as in the Biot-Stoll model. The attenuation due to gap stiffness in the low-frequency limit, a s0 , and that in the high-frequency limit, a s1 , can be derived by using Eqs. (6) and (7) in Ref. 2 , and are expressed as follows:
From Eqs. (25) and (26), the attenuation due to gap stiffness in the low-frequency limit is proportional to x 2 , while that in the high-frequency limit is proportional to x 1/2 . The results above will be used to discuss the frequency dependence of the attenuation calculated by the BIMGS model in Sec. IV B.
The frequency-independent frame bulk and shear moduli in Eqs. (3)- (5) in the Biot-Stoll model are replaced by the frequency-dependent frame bulk and shear moduli shown in Eqs. (22) and (23) . The resulting characteristic equations (11) and (12) are solved analogous to the Biot-Stoll model.
In the end of this section, the comparison of the BIMGS model with the BICSQS model is briefly discussed. Chotiros and Isakson used the Maxwell model for evaluating the gap stiffness as follows:
where the coefficient k y is related to the size and shape of the fluid film and its bulk modulus, and f k is the relaxation frequency in the BICSQS model. While, in the BIMGS model, a different model was used for evaluating the gap stiffness as shown in Eq. (19) . This model for the gap stiffness was derived from a physical model in which the configuration of the gap between the grains is considered as shown in Fig On the contrary, there are some explicit physical parameters such as bulk modulus, viscosity of the fluid, contact radius, and gap separation distance (or aspect ratio) for determining the gap stiffness in the BIMGS model. 2 Therefore, the BIMGS model is much suitable also for considering the temperature dependence of the shear wave speed dispersion and attenuation in watersaturated sand as discussed in Sec. IV B because the bulk modulus and viscosity of the fluid as the parameters in the BIMGS model vary as the temperature varies.
III. ANALYSES OF BRUNSON'S DATA
Brunson and Johnson reported measured results of the frequency dependence of shear wave attenuation in the frequency range of 0.45-7 kHz for water-saturated sand. 13 Brunson also presented results measured in the frequency range of 1-20 kHz for water-saturated glass beads, sorted sand, and unsorted sand, 14, 15 as shown in Fig. 1 . The thick solid lines in the figure are least-squares, power-law fits to the data, and each exponent is shown. These exponents are all very close to unity. Buckingham concluded that Brunson's data could be approximately fitted to the first power of the frequency. 25 However, his conclusion is difficult to agree with because the exponents in the lower and higher frequency ranges are quite different, especially those for water-saturated sorted sand and unsorted sand. Brunson and Johnson stated that the departure from a linear frequency attenuation relationship was evident, and comparable with the effects to be expected in a porous, unconsolidated sediment where the pore fluid may move relative to the frame. 13 Brunson also stated that the Biot-Stoll model does not appear to be capable of reproducing the detailed observations of shear wave attenuation in angular sands; the cause of the model's inability is not known, but the possibility exists that an additional mechanism, which takes into account the grain shape and size sorting, should be included. 15 Therefore, it is necessary to clarify the cause of the nonlinear frequency dependence of shear wave attenuation by using acoustic models. The following paragraphs discuss our comparison of Brunson's measured results and those calculated using the Biot-Stoll model and the BIMGS model. Figure 1 shows the measured and calculated results for the shear wave attenuation in water-saturated glass beads, sorted sand, and unsorted sand as a function of frequency. The calculations were performed using the Biot-Stoll model and the BIMGS model. In Fig. 1 , f r denotes the relaxation frequency in the BIMGS model. The values of the model parameters used in these calculations are listed in Table I . The values of the grain diameter, d, the porosity, b, the grain density, q r , and the permeability, k, were taken from the measurements performed by Brunson. 14 The value of the structure factor, a t , was derived from the formation factor by Brunson. 14 The value of the pore size, a p , was derived from the equation
26 The values of the bulk modulus of the grain, K r , the density, q f , the bulk modulus, K f , and the viscosity, g, of the pore fluid were taken from the literature. In the calculation using the Biot-Stoll model, the value of the frame shear modulus, l b , was inverted by fitting the measured value of the shear wave speed at the frequency of 10 kHz to the calculated value. The value of the shear log decrement was inverted by fitting the measured frequency dependence of the shear wave attenuation to the calculated values. In the calculation using the BIMGS model, the values of the Hertz-Mindlin shear modulus, l bHM , the maximum gap stiffness term of the frame shear modulus, l bg1 , and the aspect ratio, a, were inverted by fitting the measured values of the shear wave speed at the frequency of 10 kHz and the frequency dependence of the shear wave attenuation to the calculated values.
From Fig. 1 , the calculated frequency dependence of shear wave attenuation obtained from the Biot-Stoll model exhibits approximately linear frequency dependence across the entire frequency range, which means that the friction loss is dominant over the viscous loss. While, the frequency dependence of the attenuation obtained from the BIMGS model calculations is proportional to over first power of frequency below the relaxation frequency, f r , and the attenuation is proportional to the square root of the frequency above f r . The calculated results using the BIMGS model are consistent with the data. That is, the frequency dependence of shear wave attenuation is predicted accurately by using the BIMGS model.
IV. SHEAR WAVE MEASUREMENTS
A. Sample and method
Water-saturated silica sand with a grain diameter of 0.113 mm was used as the sample for the measurements of shear wave speed dispersion and the frequency dependence of attenuation. The values of the grain density and the porosity of the sample were 2659 kg/m 3 and 0.368, respectively. The use of small dimension boxes or tanks may lead to multipath interference difficulties. Therefore, in this measurement a long cylindrical tube was chosen as the measuring vessel. It is expected that such an arrangement would result in plane wave propagation along the tube axis once away from the near field of the transmitter. Beyond a separation of approximately one acoustic wavelength, the amplitude of shear vibrations diminishes at a rate directly proportional to the propagation distance.
14 It is possible to attest to the degree to which the plane wave assumption is valid by indicating the ability to fit the received level versus propagation distance data with a straight line. Figure 2 shows the experimental apparatus used for measuring the shear wave speed dispersion and attenuation in water-saturated silica sand. The sample was placed in a cylindrical acrylic vessel with an inner diameter of 43 mm. The length of the vessel in different trials was 40 mm, 80 mm, 120 mm, 160 mm, and 200 mm. The length could be changed by stacking 40 mm long pieces of tube in layers. Self-fusing tape was used around the seam between two stacked tubes to waterproof the joint.
First, a water-saturated sample was boiled in order to remove the air. Next, the water, which was degassed by boiling, was carefully poured little by little into the vessel, and then the sample was carefully poured little by little into the water inside the vessel in order to prevent the mixture of air. The sample poured into the vessel was densely packed by means of a vibrator at each step, which allowed the porosity value to be reproduced in all trials. The transmitter and the receiver used were shear plate piezoelectric transducers V151 (Panametrics, Waltham, MA). The center frequency of V151 is 500 kHz and its diameter is 25.4 mm. The transmitter was set on top of the vessel and the receiver was set on the bottom of the vessel. The transmitter and receiver were aligned face to face in pairs. The outer diameter of the transmitter (41 mm) is smaller than the inner diameter of the vessel (43 mm); therefore, there was no direct contact between the transmitter and the inner wall of the vessel. A constant load of 2.37 kg was applied to the transmitter to provide good transmitter-sediment and sediment-receiver couplings. This produced a moderate vertical stress on the sediment column, which was 17.6 kPa. A 20-cycle alternating current (AC) pulse with frequencies of 4-20 kHz for speed measurements and 5-20 kHz or 8-20 kHz for attenuation measurements were used for the transmitting waveforms. The received signals were amplified and passed through a bandpass filter to ensure that the received signal was at the desired frequency. The signals were then averaged over 128 pulses in the time domain by using a 100-MHz digital oscilloscope. Measurements were made at temperatures of 5 C, 20 C, and 35 C, using a constant temperature bath, in order to change the relaxation frequency of the gap stiffness in the BIMGS model. For each propagation distance, the measurements were first performed at a temperature of 20 C, then at 5 C after sufficient time path, and finally at 35 C, again after sufficient time path for keeping a temperature constant. The measurements were conducted five times for a sample after refilling the vessel with it at each constant temperature. Figure 3 shows an example of a transmitted waveform that propagated in water-saturated silica sand at a temperature of 20 C. The signal is a 20-cycle AC pulse with a frequency of 10 kHz. The propagation distance was 40 mm. The propagation time, t p , was obtained by measuring the interval between the tenth zero-crossing points of the 20-cycle transmitted and received AC pulses. The amplitude, A, was obtained by measuring the maximum amplitude of the received AC pulse, as shown in Fig. 3 . Examples of propagation distance versus propagation time measurements, which can be used to obtain the shear wave speed, and received level versus propagation distance measurement, which can be used to obtain the shear wave attenuation are shown in Fig. 4 . The results were obtained at a frequency of 10 kHz, and at a temperature of 20 C. Twenty-five samples were used. From Fig.  4(a) , the shear wave speed can be obtained from the slope of a least-squares linear regression fit to the data. From Fig. 4(b) , the shear wave attenuation can be obtained from the slope of a least-square linear regression fit to the data. In these figures, the shear wave speed and attenuation are indicated along with the 90% confidence intervals.
A potential complicating factor at lower frequencies was the possibility of reflections from the receiver end of the tube, which may have resulted in standing wave interference.
14 However, such interference did not appear in the received waveforms even at the lower frequencies. Another potential complicating factor was the establishment of a standing wave across the diameter of the tube at frequencies such that the diameter was equal to multiples of the acoustic wavelength.
14 However, such interference also did not appear in the received waveforms. The quality of the straight line fit to the data attests to the validity of the plane wave assumption.
14 This is quantified by the coefficients of determination, R 2 . The value calculated for the example in Fig. 4(b) is 0.938.
B. Results and discussions
The measured results of the shear wave speed dispersion and the frequency dependence of the attenuation coefficient are tabulated in Table II, C. The dispersion is larger at lower temperatures than at higher temperatures. From this result, it is concluded that the relaxation frequency at lower temperatures is lower than that at higher temperatures. Additionally, it is seen that the shear wave speeds at temperatures of 5 C, 20 C, and 35 C are different. It was postulated that some of this difference could be due to changes in stress supplied by the expansion and contraction of the sample vessel, as pointed out by Bell and Shirley. 7 For the temperature range of 5 C-35 C that is under investigation, the change in diameter of the cylindrical acrylic vessel with an inner diameter of 43 mm was measured to be 0.12 mm, which is approximately one grain diameter (0.113 mm) out of 380 grain size total. At lower temperatures, the stress could be larger, and therefore, the shear wave speed could increase, and vice versa. The length of the cylindrical acrylic vessel may also change. However, it is possible that the length of the sample in the vessel is not so influenced because a constant load of 2.37 kg was applied to the transmitter to provide good transmitter-sediment and sediment-receiver couplings as indicated before. Therefore, it is considered that there is no effect on the travel time.
In Fig. 6 , least-squares, power-law fits to the attenuation data and the exponent of each are also shown. It is found that the exponent increases as the temperature increases. That is, the exponent is 0.8420 for 5 C, 0.9679 for 20 C, and 1.1731 for 35
C. The dependence of the shear wave speed dispersion and the frequency dependence of the attenuation on the temperature are considered to be due to the differences in the relaxation frequencies of the gap stiffness in the BIMGS model. The temperature dependence of pore fluid bulk modulus, K f , pore fluid viscosity, g, and the ratio, K f /g, are listed in Table III . The relaxation frequency, f r , in Eq. (21) is proportional to the ratio K f /g because it is assumed that the aspect ratio, a, is not dependent on temperature. From Table  III , it is seen that the ratio K f /g at the temperature of 35 C is approximately 2.4 times as large as that at 5 C. Our results of the shear wave speed and attenuation contradict the results obtained by Bell and Shirley who concluded that the shear wave speed and attenuation were independent of temperature. 7 Bell and Shirley measured the shear wave speeds in water-saturated sand with the grain size of 0.35 mm at the frequency of 7 kHz. The temperature dependence of the shear wave speed and attenuation depends on the grain size and the measuring frequency. In the shear speed measurements performed by Bell and Shirley, it is assumed that the Table IV . The grain diameter, d, the grain density, q r , the porosity, b, and the permeability, j, were measured. The permeability was determined using a constant head technique. The values of the pore fluid parameters such as density, q f , the bulk modulus, K f , and the viscosity, g, were literature values at temperatures of 5 C, 20 C, and 35 C. The value of the grain bulk modulus, K r , was also taken from the literature. The value of the pore size, a p , was derived from the equation
26 The value of the structure factor was derived from the equation
. 27 In the calculation using the Biot-Stoll model, the value of the Hertz-Mindlin shear modulus, which is described later, was chosen for the value of the frame shear modulus, l b . The value of the shear log decrement was inverted by fitting the measured frequency dependence of the shear wave attenuation to the calculated values. In the calculation using the BIMGS model, the values of the Hertz-Mindlin shear modulus, l bHM , the maximum gap stiffness term of the frame shear modulus, l bg1 , and the aspect ratio, a, were inverted by fitting the measured shear wave speed dispersion to the calculated values. A heuristic correction factor, C a , was introduced to overcome the discrepancy between the overestimated calculated and measured shear wave attenuations, and used to fit the measured values of the shear wave attenuation to the calculated values. The factor is defined as follows:
where k gr and k gi are the real and imaginary parts of the modified gap stiffness, k g , respectively.
The measured and calculated shear wave speed dispersion and the frequency dependence of the attenuation are shown in Figs. 5 and 6. In Fig. 6 , f r denotes the relaxation frequency in the BIMGS model. From Fig. 5 , it can be seen that the calculated speed dispersion using the Biot-Stoll model is significantly smaller than the measured one, and that the large measured speed dispersion can be predicted accurately by using the BIMGS model. In addition, the speed dispersion at the lower temperatures is larger than that at the higher temperatures. This temperature dependence is considered to be due to the difference in the relaxation frequencies. The relaxation frequency, f r , shown in Eq. (21) is proportional to the ratio, K f /g, because it is assumed that the aspect ratio, a, is not dependent on the temperature. The ratio, K f /g, at a temperature of 35 C is approximately 2.4 times as large as that at 5 C, as shown in Table III . The speed dispersion is then investigated by using the normalized frequency, f/f r , instead of the frequency, f. The measured and calculated normalized shear wave speeds, i.e., (c s À c s0 )/(c s1 À c s0 ) (where c s0 and c s1 are the shear wave speeds at f ¼ 0 and f ¼ 1, respectively) as a function of the normalized frequency, f/f r , are shown in Fig. 7 . The calculations were conducted using the BIMGS model. From Fig. 7 , it can be seen that the measured and calculated normalized speed dispersion at temperatures of 5 C, 20 C, and 35 C are almost the same. Therefore, it is validated that the relaxation frequency in the BIMGS model is proportional to the ratio of K f /g. From Fig. 6 , it can be shown that the measured attenuation was predicted by using the BIMGS model and the Biot-Stoll model as well. Over the range of the frequency measured, the calculated results using the Biot-Stoll model and the BIMGS model are almost the same, while they are quite different at lower and higher frequencies as shown in Fig. 6 . The calculated results by the Biot-Stoll model indicated that the frequency dependence of the attenuation coefficient is almost linear. In the Biot-Stoll model, the attenuation due to viscous loss goes as x 2 at low frequencies and as x 1/2 at high frequencies, and the friction loss is linear with frequency as discussed in Sec. II A. Therefore, the calculated results indicate that the friction loss is dominant over the viscous loss. While, the calculated results by the BIMGS model indicated that the frequency dependence of the attenuation coefficient is non-linear. In the BIMGS model, both the viscous and gap stiffness losses depend on x 2 at low frequencies and on x 1/2 at high frequencies as discussed in Sec. II B. The reference frequency, f c , in the Biot-Stoll model decreases with temperature, while the relaxation frequency, f r , in the BIMGS model increases with temperature as shown in Table IV . Therefore, the frequency characteristics of the attenuation in the vicinity of the reference and relaxation frequencies change due to the temperature, as shown in Fig. 8 .
As shown in Fig. 6 , the exponent derived from leastsquares, power-law fits to the attenuation data increases as the temperature increases. That is, the exponent is 0.8420 for 5 C, 0.9679 for 20 C, and 1.1731 for 35 C. This change in the exponent is considered to be due to the change in the relaxation frequency, f r , in the BIMGS model. As for the speed dispersion, the frequency dependence of the attenuation is investigated by using the normalized frequency, f/f r , instead of the frequency, f. The measured and calculated normalized shear wave attenuations as a function of the normalized frequency, f/f r , are shown in Fig. 9 . The values of the attenuation were normalized by the value of the attenuation at the temperature of 20 C, and at f/f r ¼ 0.4. From Fig. 9 , it can be seen that the measured and calculated attenuation at temperatures of 5 C, 20 C, and 35 C lie almost on the same line. The measured results shown in Fig. 9 are consistent with the calculated results using the BIMGS model.
V. GRAIN-SIZE DEPENDENCE OF ASPECT RATIO
In this section, the grain-size dependence of the aspect ratio will be investigated. The aspect ratio derived by the author for compressional and shear waves in granular marine sediments are tabulated in Table V . The values of the aspect ratio for water-saturated silica sand and Miho sand were listed in Table I of Ref. 6 , and that for water-saturated sand were presented in Table III of Ref. 2. The values of the aspect ratio for the shear wave measurements are listed in Table I for Brunson's data and Table IV for the author's data discussed in this manuscript. Tutuncu and Sharma 28 addressed that at atmospheric pressure, unconsolidated glass beads have large equilibrium separation distances and small contact radii, which results in large aspect ratios on the order of 10 À4 -10
À3
. The values tabulated in Table IV are in the range of 10 À4 -10
, whose range is the same as that indicated by Tutuncu and Sharma. The aspect ratios derived by the author as a function of the grain size of granular marine sediment are shown in Fig. 10 . From this figure, it is seen that the aspect ratio increases as the grain size, / (¼ Àlog 2 d, d in mm), increases. Tutuncu and Sharma 28 suggested that this phenomenon could be understood from the point of view of the Hertz theory, 24 which states that larger grains result in increased deformation and larger contact areas. It follows that the grain-size dependence of the aspect ratio is the same for both compressional and shear waves, and the depth dependence of the aspect ratio is negligible for moderate vertical stresses listed in Table V .
VI. CONCLUSIONS
In this study, the results of the frequency dependence of the shear wave attenuation in the frequency range of 1-20 kHz for water-saturated glass beads, sorted sand, and unsorted sand measured by Brunson were compared with those calculated using the Biot-Stoll model and the BIMGS model. It is shown that the frequency dependence of shear wave attenuation can be predicted accurately by using the BIMGS model. The shear wave speed dispersion and the frequency dependence of the attenuation in water-saturated silica sand were then measured in the frequency ranges of 4-20 kHz for speed, and 5-20 kHz or 8-20 kHz for attenuation. Measurements were taken at sample temperatures of 5 C, 20 C, and 35 C in order to change the relaxation frequency of the gap stiffness in the BIMGS model. The measured results are compared with those calculated using the Biot-Stoll model and the BIMGS model. It is shown that the shear wave speed dispersion and the frequency dependence of the attenuation can be predicted accurately by using the BIMGS model. Finally, it is demonstrated that the aspect ratio in the BIMGS model increases, as the grain size, / (¼ Àlog 2 d, d in mm), increases for both compressional and shear waves.
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